In humans, infants who are born small have been reported to have higher blood pressure in adulthood than do larger infants. This suggests that factors in the intrauterine environment that affect fetal growth can program the individual for hypertension later in life. The present study determined whether there is a similar, naturally occurring relationship between birth weight and adult blood pressure in rats. Female Sprague-Dawley rats bred in our colony were fed a normal diet during pregnancy. On the day of delivery, any pups that weighed Ͻ90% of the mean pup weight for the litter were identified as runts. For each runt, a sex-matched littermate of normal weight was also identified and assigned to this study. These pairs were chronically instrumented at~20 wk of age. Mean arterial pressure was significantly higher in runt male and female offspring compared with their normal birth weight littermates (males: 149 Ϯ 7, runts versus 129 Ϯ 4 mm Hg, controls; females: 128 Ϯ 1, runts versus 119 Ϯ 2 mm Hg, controls). Although the runts had smaller body weights at study than did their littermate controls, the kidney-tobody weight ratio and renal function normalized to kidney or body weight were not different. These studies indicate that adult blood pressure is related to birth weight in rats, as it is in humans. The relative hypertension in runt animals is not due to gross differences in renal function but may be related to more subtle renal structural and/or functional differences. Epidemiologic studies in humans have reported that there is an inverse relationship between fetal growth and the risk for many adult diseases, including ischemic heart disease and hypertension (1-5). Thus, full-term infants who are born smaller have an increased risk for cardiovascular disease in adulthood compared with larger infants. This suggests that factors in the maternal environment that affect fetal growth can permanently change the structure and function of specific organ systems in the offspring, thus setting a trajectory leading to disease later in life.
In humans, infants who are born small have been reported to have higher blood pressure in adulthood than do larger infants. This suggests that factors in the intrauterine environment that affect fetal growth can program the individual for hypertension later in life. The present study determined whether there is a similar, naturally occurring relationship between birth weight and adult blood pressure in rats. Female Sprague-Dawley rats bred in our colony were fed a normal diet during pregnancy. On the day of delivery, any pups that weighed Ͻ90% of the mean pup weight for the litter were identified as runts. For each runt, a sex-matched littermate of normal weight was also identified and assigned to this study. These pairs were chronically instrumented at~20 wk of age. Mean arterial pressure was significantly higher in runt male and female offspring compared with their normal birth weight littermates (males: 149 Ϯ 7, runts versus 129 Ϯ 4 mm Hg, controls; females: 128 Ϯ 1, runts versus 119 Ϯ 2 mm Hg, controls). Although the runts had smaller body weights at study than did their littermate controls, the kidney-tobody weight ratio and renal function normalized to kidney or body weight were not different. These studies indicate that adult blood pressure is related to birth weight in rats, as it is in humans. The relative hypertension in runt animals is not due to gross differences in renal function but may be related to more subtle renal structural and/or functional differences. Epidemiologic studies in humans have reported that there is an inverse relationship between fetal growth and the risk for many adult diseases, including ischemic heart disease and hypertension (1) (2) (3) (4) (5) . Thus, full-term infants who are born smaller have an increased risk for cardiovascular disease in adulthood compared with larger infants. This suggests that factors in the maternal environment that affect fetal growth can permanently change the structure and function of specific organ systems in the offspring, thus setting a trajectory leading to disease later in life.
Although the physiologic and morphologic mechanisms responsible for this perinatal programming are not well understood, we and others have developed animal models of this phenomenon that have begun to allow examination of mechanisms. For example, maternal dietary protein restriction, global food restriction, and maternal dexamethasone injection all have been shown to produce offspring that have reduced birth weight and are hypertensive in adulthood (6 -10) . We have postulated that these treatments may cause offspring hypertension as a result of impairment of nephrogenesis and a consequent reduction in the nephron endowment, and several studies have supported this hypothesis (11) (12) (13) (14) .
Poore et al. (15) reported that mean arterial pressure in pigs was inversely related to birth weight. To our knowledge, no other studies have examined whether animal offspring of naturally occurring low birth weight have higher blood pressure than those of normal birth weight that were exposed to the same maternal environment. The purpose of the present study was to determine whether naturally occurring small-forgestational-age rat offspring have increased blood pressures compared with their normal littermates and, if so, to examine a possible role for the kidney in this hypertension.
METHODS
All procedures on animals were approved by the Institutional Animal Care and Use Committee. Female SpragueDawley rats (Simonsen) that weighed~250 -300 g were bred at Oregon Health & Science University. As part of our ongoing studies of perinatal programming in the rat, the pregnant animals were maintained on a normal protein (19%), normal Na ϩ (0.20%) diet (Purina 5755) ad libitum throughout pregnancy and lactation. At birth, litters (11 total) with "runts" (defined here as pups of low birth weight, Ͼ10% below the mean for the litter, average of 20 Ϯ 2% below the mean) were identified. Thus, the runts were naturally occurring small-forgestational-age animals. (In our laboratory during the period of this study,~20% of all litters born to dams on this diet had one runt, and another 10% of the litters had two runts.) In each case, the runt and a sex-matched littermate control were assigned to the present study. This study design has the advantage that each pair of pups was exposed to the same maternal environment. In general, pups were paired prospectively. In cases in which adult data were eventually available for more than one control, the control with the highest blood pressure (which would bias against the hypothesis) was used. Pups were weaned to the above normal diet and maintained on that diet until instrumentation at 19 wk of age. Immediately before surgery, 24-h urine collections were done on the animals for determination of protein excretion.
Surgical preparation of adult animals. The animals were surgically instrumented as described previously (7) . Briefly, under ketamine/xylazine/acepromazine anesthesia, a stainless steel silastic-covered catheter was inserted into the bladder and Tygon catheters were implanted into the left femoral artery and vein. The animals were allowed to recover for at least 6 d before any experiments were conducted and were maintained on the normal diet. For acclimatizing them to the study conditions, the animals were placed in a wire restrainer in the study room for at least 2 h on at least three different days before study.
Experimental protocol. Blood pressure and renal function were measured in conscious animals as described previously (7) . With the rat in a wire restrainer in a quiet study room, urine was allowed to drain continuously through the bladder catheter. Between 0600 and 0900 h, mean arterial pressure was measured through the arterial catheter, and a reading was taken after at least 30 min, when the pressure had stabilized. GFR and effective renal plasma flow (ERPF) were measured as the clearances of inulin and para-aminohippurate (PAH), respectively, in a series of four successive 20-min urine collections (clearance periods), with a blood sample taken at the midpoint of each. After centrifuging the blood, the plasma was frozen at Ϫ20°C and the red cells were resuspended in an equivalent volume of saline and returned to the animal.
When all experiments were completed or when the instrumentation was no longer functional, the rats were killed with a commercial euthanasia solution. Kidneys and other tissues were removed immediately, weighed, and prepared for histopathology as described below.
Analytical measurements. Inulin (16) and PAH (17) in plasma and urine were assayed after deproteinization of the plasma with zinc sulfate. Plasma protein was measured by refractometry (National Instrument, Baltimore, MD). Urine protein was determined on 24-h samples by precipitation with sulfosalicylic acid using albumin standards.
Histopathology evaluation. The right kidney was sectioned coronally, fixed in 10% phosphate-buffered formalin, and totally embedded in a paraffin block. Approximately three sections were cut from each block and stained with hematoxylin and eosin. Sections were evaluated for renal pathology using the following scoring system: 0, normal kidney; 1ϩ, minimal focal tubulointerstitial injury (including tubular atrophy, dilation, and fibrosis); 2ϩ, moderate tubulointerstitial injury, involving multiple microscopic fields at ϫ100; and 3ϩ, extensive tubulointerstitial injury, involving more than half of microscopic fields at ϫ100. The observer was blinded to the codes indicating treatment.
Statistical analysis. The data are expressed as means Ϯ SE. Data for the groups were compared using two-way ANOVA. Statistical significance was indicated by a value of p Ͻ 0.05 or better.
RESULTS
Growth and adult blood pressure in runt offspring of normal pregnancies and their normal-sized littermates. The mean control birth weight for male rats was 6.38 Ϯ 0.12 g; male runts weighed 5.46 Ϯ 0.13 g. Likewise, the mean control birth weight for female rats was 6.31 Ϯ 0.15 g, and female runts weighed 4.81 Ϯ 0.16 g. Thus, in this study, birth weights of runts averaged 20 Ϯ 2% lower than those of their "normal birth weight" littermates. Body weights and blood pressures of runt offspring and their littermate controls are shown in Fig. 1 . The weights of these animals were still reduced at the time of weaning. As a group, runts remained significantly smaller than their sex-matched controls at the time of study, although this difference failed to reach statistical significance when male and Figure 1 . Body weights at weaning and in adulthood and blood pressure in normal and runt rat offspring. Mean Ϯ SE, n ϭ 5 male pairs and n ϭ 9 female pairs. *p Ͻ 0.05 vs sex-matched controls of normal birth weight; †p Ͻ 0.05 vs value in male rats. 764 female rats were compared separately. Mean arterial pressure in conscious, chronically instrumented adult animals was significantly higher in the runts than in their littermate controls. The male runts tended to be more hypertensive than the female runts (i.e. a greater difference from controls), but this did not reach statistical significance (p ϭ 0.06).
Renal function measurements in runt offspring and their normal-sized littermates. GFR, ERPF, and urine protein excretion are shown in Fig. 2 . In both male and female rats, GFR and ERPF were not significantly different between runts and controls. However, GFR and ERPF were significantly lower in female than in male rats, as would be expected because of the differences in body weight. Urine protein excretion was higher in male runts than in their controls (p ϭ 0.02) but was not different between female runts and controls. Hematocrit and plasma protein were not different between runts and controls ( Table 1) .
Adrenal and heart weights in runt offspring and their normal-sized littermates. Absolute adrenal weights were not different between runts and controls or between male and female rats. However, the adrenal-to-body weight ratio was significantly higher in runts than in their littermate controls (Table 1) . This was true when male and female rats were grouped together but was significant only for female rats when the sexes were analyzed separately. The heart-to-body weight ratio tended to be increased in runts compared with controls, although this was statistically significant only in the male rats. The heart-to-body weight ratio was greater in female than in male rats in both controls and runts.
Renal histopathology in runt offspring and their normalsized littermates. The histology score in female runts was slightly although not significantly higher than in controls (2.
DISCUSSION
Initially proposed almost two decades ago, the "fetal origins" hypothesis holds that variations in environmental factors before birth, factors that affect fetal growth, can cause permanent changes in the physiology and morphology of specific organ systems, thus programming an individual for an increased risk for various diseases later in life. Numerous studies have reported that human infants who are born small have an increased arterial blood pressure and associated cardiovascular risk in adulthood compared with larger infants (1) (2) (3) (4) (5) . However, the conclusions of these studies and the degree to which they support the fetal origins hypothesis have recently been questioned (18) . A number of animal models of prenatal programming are available, including maternal dietary protein or global food restriction, placental embolization, and ligation of the uterine artery. However, these models have been criticized because they may use maternal insults that, although effective in programming the offspring, are more severe insults than would normally be encountered by humans in Western society. The most important finding of the present study is that in intact rats on a normal, ad libitum diet, offspring that are naturally 
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LOW BIRTH WEIGHT AND HYPERTENSION born small clearly have higher blood pressure in adult life than do their normal-birth-weight littermates. Thus, as has been reported in humans, it seems that in the rat, naturally occurring factors that influence growth in utero can also program the future blood pressure level. This finding supports the fetal origins hypothesis and indicates that prenatal programming is a more universal phenomenon that occurs in other species as well as in humans and does not require severe maternal dietary or environmental insults to occur. We are aware of only one previous study that examined this (naturally occurring) phenomenon in animals. Poore et al. (15) studied the relationship between birth weight and arterial pressure at 3 mo of age in piglets. These investigators were unable to show a statistically significant difference between blood pressures of animals that were classified as "low birth weight" (below the 95% confidence interval of the mean for pups from all litters) and "high birth weight" (above the 95% confidence interval of the mean). However, the mean blood pressure for "low birth weight" animals was~8 mm Hg higher than the mean for "high birth weight" animals (15) . Furthermore, these authors reported a statistically significant negative correlation between mean arterial pressure and birth weight in all piglets studied (15) . Thus, although the results of this study in the pig were not as definitive as one might have hoped, they are generally consistent with our present findings in the rat.
Although the mechanisms for this fetal "programming" of adult blood pressure and other diseases are not completely understood, it is thought that fetal undernutrition may play an important role. Fetal undernutrition could in turn be caused by maternal undernutrition or by impairment of uteroplacental blood flow or nutrient exchange in an otherwise well-nourished mother. Indeed, as indicated above, current animal models of fetal programming include maternal dietary protein restriction or global food restriction (6 -8,11,19) , as well as placental embolization, carunclectomy, and uterine artery ligation (all of which impair uteroplacental blood flow and/or nutrient exchange) (20 -22) . In the rat and other animals with a bicornate uterus, natural variations in fetal growth occur at least partially because of the somewhat complicated architecture of the vascular supply to the uterus and placenta (23) . On the right side, a uterine arterial loop is supplied by the ovarian artery at the ovarian end of the horn and by the uterine artery at the cervical end, resulting in a reduced blood flow to the middle region of the uterine horn. Placentas from fetuses in the middle of the horns also tend to be smaller than those at the ends, as do the fetuses themselves. The architecture is similar on the left, except that the ovarian artery originates from the renal artery rather than the descending aorta. On this side, fetal weight and placental blood flow are highest at the cervical end and lowest at the ovarian end of the horn (23) . Thus, in the rat, normal variations in fetal growth occur because of differences in nutrient availability to individual fetuses.
We have postulated that fetal undernutrition programs for offspring hypertension by suppressing the intrarenal reninangiotensin system during development, resulting in permanent changes in renal structure and function, including a reduced number of nephrons (7). In support of this postulate, we have shown that male offspring of protein-restricted mothers have reduced renal renin mRNA, renin, and angiotensin II levels in the newborn period and a reduced number of nephrons in adulthood (7) . Furthermore, pharmacologic suppression of the renin-angiotensin system in the newborn period with losartan leads to a reduced number of nephrons and hypertension, and surgical reduction in the number of nephrons from birth also leads to adult hypertension, indicating a cause-and-effect relationship among these findings (12) (13) (14) .
The mechanisms responsible for the hypertension in runt offspring in the present study are not clear. On the basis of our previous studies, it seems likely that nephron number may be reduced in runt offspring compared with their littermate controls, although we did not count nephrons in this study. One report suggests that birth weight is not related to nephron number in the rat; however, runts were specifically excluded from that study, and the birth weights of their "low" and "normal" birth weight groups were actually close (only a 7% difference) (24) . Impaired renal function may also lead to hypertension in animals that are small at birth. However, GFR was not significantly reduced in the runts in the present study compared with their controls, suggesting that if altered glomerular function plays a role, then it is more subtle than can be detected by these techniques. In rat offspring of modestly protein-restricted mothers, mean GFR was reduced by~10%, although this also failed to reach statistical significance (7) . We have found that in runt offspring of mothers that received a variety of other treatments (including dietary salt loading and protein restriction), the GFR per kidney or body weight was significantly reduced compared with their littermate controls (unpublished data). Thus, it is likely that reduced glomerular filtration contributed to the hypertension in those animals. The kidney normally undergoes compensatory hypertrophy and hyperfiltration in response to an initial loss of nephrons and their function, making functional changes as a result of small deficits in nephron number difficult to detect. Thus, reduced renal function may have also contributed in a more subtle way to the hypertension in the runt offspring of normal mothers in the present study. Impaired tubular function may also play a role in causing hypertension in runts; however, we did not measure tubular function in these studies.
In the present study, we took great care to acclimatize our animals to the study conditions, including restraint, before making measurements and to minimize other stressors such as unnecessary noise or temperature variations. Indeed, the animals frequently slept during the blood pressure measurements. However, it remains possible that stress may be a factor in revealing the differences in blood pressure between runt and control offspring. Indeed, one study suggested that the hypertension in male offspring of severely protein-restricted rat dams is greater during olfactory stress than under unstressed conditions (25) . However, it seems that the remaining low to modest level of stress experienced by the animals in our present study is perhaps not unlike the levels of stress that humans undergo during normal day-to-day activity, possibly even strengthening this as a model of the human condition.
Another interesting finding of the present study is that the adrenal/body weight ratio was increased in female runt animals. This finding is consistent with a report in pigs indicating 766 that the adrenal/body weight ratio at 3 mo of age is increased in animals of lower birth weight compared with those of higher birth weight (15) . Changes in the hypothalamo-pituitaryadrenal axis have been suggested to play a role in programming for hypertension by fetal undernutrition (26) , and it is possible that these alterations in relative adrenal size in runt animals in the present study also contribute to their hypertension. However, the male runts tended to be more hypertensive than the female runts, yet the adrenal/body weight ratio was not increased in male runts, suggesting that the hypothalamopituitary-adrenal axis may not play an important role in causing the increased blood pressure in runt animals.
Emerging evidence indicates that there are gender differences in fetal programming for adult hypertension. For example, we have found that modest maternal dietary protein restriction during pregnancy programs male offspring but not female offspring for hypertension; a more severe maternal protein restriction programs increased arterial pressure in both male and female offspring (7,11, Woods LL, Ingelfinger JI. Rasch R. Modest maternal protein restriction fails to program adult hypertension in female rats, submitted). Likewise, in a model of reduced nephron number from birth (neonatal uninephrectomy), male animals become more hypertensive and show renal damage earlier than do female animals (13, 14) . Finally, in offspring of rats that were modestly food-restricted (fed 70% of the normal intake for the first 18 d of pregnancy), male rats became hypertensive at a younger age than did females (27) . Thus, female gender seems to provide relative protection against programming for adult hypertension. Although it was not our intent in the present study to rigorously examine possible sex differences in runt animals, there are suggestions in our data that some sex differences may indeed be present. The elevation in blood pressure in male runts compared with controls was more than twice as great as the elevation in blood pressure in female runts. Although this sex difference did not reach statistical significance, it seems likely that it is real and would reach significance if the sample size were larger. Certainly a difference of this magnitude would be physiologically significant. Worse hypertension in male runts than in female runts would also fit with the finding that urine protein excretion was significantly higher in male runts than in male controls but not significantly different in female runts than in controls.
CONCLUSION
In summary, numerous studies have now shown an inverse relationship between birth weight (and other indices of fetal growth) and adult blood pressure in humans. The present study suggests that this may be a more universal phenomenon, possibly occurring in many, if not all, mammalian species. To date, all of the animal models of perinatal programming involve an experimental manipulation such as maternal dietary restriction or reduction of uterine blood flow. The availability of a naturally occurring animal model of this phenomenon, such as that provided by runt offspring in the rat, may broaden our possibilities for study of the physiologic and morphologic mechanisms responsible for the fetal origins of adult disease.
